In structural redesign, two structural states are involved: the baseline (known) state SI with unacceptable performance, and the objective (unknown) state $2 with given performance specifications. The difference between the two states in design variables and performance may be as high as 100% or more depending on the scale of the structure and the design problem considered. A perturbation approach to redesign (PAR) is presented to relate any two structural states SI and $2 that are modeled by the same finite element model but represented by different values of the design variables. General perturbation equations are derived expressing implicitly the natural frequencies, dynamic modes, static deflections, static stresses, Euler buckling loads and buckling modes of the objective state $2 in terms of its performance specifications, and only state S I data and FEA results. [m,,] 
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FE structural redesign by
(redesign of structures) l can presently handle resizing for natural frequencies, mode shapes and static deflections. Figure 1 shows several two-state problems that appear in the analysis-design-redesign process following a basic FE analysis. In analysis, the following two-state problems are encountered: (P1) model correlation," (P2) derivation of global failure equations, 3'4 (P3) failure point identification: (P4) redundancy, 4 (P5) reliability 5 (P6) nondestructive testing. 6 In design, the following two-state problems are encountered: (P7) redesign for target performance, 3'6-11 (P8) redesign for target redundancy and (P9) redesign for target reliability.
LEAP theory was developed during the past seven years from the linear perturbation techniques introduced by Stetson in 1975 t°:l and modified by Sandstr6m and Anderson. 6 They redesigned a structure for both natural frequency and mode shape objectives but allowed only small differences between the baseline and objective states. In this respect, linear perturbation methods are equivalent to design sensitivity methods. Nonlinear perturbation methods 8'9 allow for large differences between the two states. The objective state is found by postprocessing data of the baseline structure only, using an incremental prediction correction scheme) Presently, research efforts are directed towards two goals. The first is to redesign larger scale structures as far away from the baseline structure as possible before a second FEA is needed. Large admissible perturbations 3 updating only cognate modes 7 in an incremental process are used towards this end. Substructuring is also investigated for this purpose, as well as for reshaping and reconfiguration. The second goal is to implement more and different objectives and derive the corresponding general perturbation equations. LEAP algorithms are under development for static stress, global buckling load, and buckling mode objectives.
In this paper, the general problem of redesign --in the sense of resizing --is formulated for modal dynamics (frequency and mode), static deflection, static stresses, and Euler buckling (load and mode) objectives by developing PAR. This formulation is presented in Section 2. Several two-state problems mentioned above are stated as redesign problems in Section 2.1. The perturbation approach to redesign is presented in Section 2.2 and LEAP theory for development of solution algorithms is summarized in Section 2.3. Many numerical applications using four different structures are presented in Section 3 to assess the potential and limitations of PAR and the present status of code RESTRUCT.
REDESIGN BY LARGE ADMISSIBLE PERTURBATIONS
A simple modeling-analysis-design-redesign process large admissible perturbations 221 for structures using FEM is shown in Fig. 1 . Rectangular blocks indicate two-state problems which can be formulated as redesign problems using PAR and solved efficiently by a LEAP algorithm. Shaded blocks indicate problems already solved in some form by code RESTRUCT. Some of those problems are discussed below.
Redesign and other two-state problems
The classical structural redesign problem appears in Fig.   1 after analyzing either the original or the correlated (calibrated) FE model. Undesirable responses --such as a natural frequency in the range of wave excitation, a dynamic mode with high amplitudes near the free surface where wave and current loads are maximum, or high stresses and deflections --make redesign mandatory. The performance specifications of the objective design are desirable values of those response particulars.
After placing a structure in service, tests are performed to measure its performance and compare it to FEM predictions. In the modeling process, simplifying assumptions, uncertainty, and ignorance result in discrepancies between measurements and predictions particularly for marine structures which have large manufacturing tolerances. The process of finding a FE model of a physical structure that will correctly predict measured structural response is called model correlation.
The initial FE model is the known state SI. The objective state $2 represents the unknown correlated FE model. The perturbation approach to redesign presented in the following section preserves element connectivity and changes geometric properties so that the correlated model represents a real structure. 7 That is, PAR does not change simply numbers in the mass and stiffness matrices; PAR can also solve the problem of model correlation for geometry dependent hydrodynamic load .2
The problem of failure point identification can also be formulated by PAR and solved by a LEAP algorithm. S I represents the initial structural state and $2 the unknown failure point (design point in reliability terminology) on a limit surface. 1213. The advantage of PAR is that it can provide an implicit expression for a global failure criterion by relating state $2 to SI. 14 Related is the problem of reserve and residual redundancy. In the literature, several different aspects of redundancy are presented as definitions depending on the type of structure and analysis performed. 15-~7 PAR remedies this lack of an invariant and consistent redundancy definition by introducing a redundancy injective mapping 4 defining the difference between the initial intact or damaged structure and the design point.
Finally, a new methodology for reliability analysis and design of large scale structures is under development based on PAR. 5A4 The perturbation approach to reliability provides an alternative to the systems approach 15't819 and the stochastic FEM 2°'21 which arc the two most popular methods in structural reliability. PAR makes possible the introduction of advanced structural analysis in the reliability computations without simplifying the structure. PAR also allows randomness in geometry, material, and load. There is no limitation to the number of random variables used and the random load need not be applied in a specific pattern until structural failure. The reliability analysis problem is a two-state problem where S I is the initial structure and $2 the design point.
PAR can also address the very difficult problems of target redundancy and target reliability design. SI is the initial structural design of inadequate redundancy or reliability and $2 is the objective structure of specified redundancy or reliability. 5 These arc difficult design problems because redundancy and reliability are not computed directly by FEM. PAR can solve these problems because of the introduction ot" an injectivc mapping relating SI to $2. 4
Perturbation approach to redesign (PAR)
The PAR methodology can formulate the above twostate problems as explained in this section. PAR has five major steps, as follows.
2.2.1
Step 1 
Step 2
The following perturbation relations are introduced relating states $2 to S l:
where unprimed and primed symbols refer to the baseline (SI) and the objective state $2, respectively. Prefix A indicates difference between counterpart quantities of states S I and $2.
[~] -[{~;)}~, {t I') ...... {~)}n] is the matrix of eigenvectors of SI and !Jr is the diagonal matrix of the corresponding eigenvalues. Perturbation relations pertaining to eqns (2) and (3) are:
{f'} ={f}+{~f} (11)
For the global buckling eigenvalue problem we have: (14) [ Further, in step 2, desirable values of some response particulars of $2, such as natural frequencies, static deflections and mode shapes, are specified. An incomplete set of mode shapes may be used and only some degrees of freedom may be defined in each mode.
2.2.3
Step 3
The differences in structural properties between SI and $2 are expressed in terms of the fractional changes a,, e = I, 2,... ,p of p properties of elements or groups of elements as:
e=l e~l
Several t~eS may refer to the same element but different properties such as bending, torsion, and stretching. The unknowns in the process of defining $2 from its specifications and S I are the fractional changes %. When the ae s are defined it is ensured that element connectivity in the FE model is preserved and $2 represents a real structure.
2.2.4
Step 4
The differences in structural response between states S I and $2 are expressed implicitly in terms of the a~s by the general perturbation equations. For modal dynamics we have:
e=l for i = 1,2,...,n,j = i+ 1, i+ 2,...,n. L2 Equation (21) represents the n diagonal terms of the energy balance equation
that is, the Rayleigh quotients for ~'i 2. Equations (22) Numerically, however, both conditions must be forced if {~b'}i, i = 1,2,...,n are to represent modes of a real structure.
The general perturbation equations for static deflections are derived from the counterpart of eqn (2) for structure $2 based on the modal dynamic expansion of {u'} in terms of the unknown modes {~b'}i, i=l,2,...,n.
Thus (25) For global buckling, the general perturbation equations are derived using the same method as in the case of the modal dynamics eigenvalue problem: 
Step 5
In this final step, the problem of finding state $2 based on its specifications and results of FEA for S1 is formulated and solved for the p unknown aes using the LEAP algorithm presented in the next section. The problem formulation is as follows: minimize 11o,112 • (29) subject to n~ natural frequency objectives w'i z, i = 1,2 ..... n~,; n o normal mode objectives ¢~,i, number of (k,i)= n6; n u static deflection objectives u'i, i = 1,2 .... , nu; n~ static stress objectives tr I, i = 1,2 ..... no; nb global buckling eigenvalues P'i, i= 1,2 .... ,rib; nob buckling mode objectives 4~,~,, number of (k; i) = n~b; 2p lower and upper bounds on the redesign variables %,-1 <c~-<a e< + ----(~e, e = 1,2,...,p; n~ admissibility constraints extracted from eqns (22) and (23), where n a = 2ETLI(n r -i) = n~[(2nr -1) -n~]; and nab admissibility constraints extracted from eqns (27) and (28), where nab=2ETb=l(nr--i) =nb[(2nr-l)--nb]. All of the above redesign objectives are substituted in the appropriate general perturbation equations (21)- (28) . Of the general perturbation equations (21), (24)- (26) , those that are not used in the optimization formulation may be used to predict the unspecified performance particulars of the objective state $2. Accuracy of those predictions, however, it not as high as those of the redesign objectives.
All the constraints of the above problem may result in an empty, nonempty, or countable feasible domain. In the first case, the redesign objectives cannot be achieved for the selected set of redesign variables, in which case a minimum error solution in satisfaction of the redesign objectives is achieved by a generalized inverse algorithm. 3782j In the second case, an optimum solution is achieved using an optimality criterion (29).
Large admissible perturbation (LEAP) algorithm
The redesign problem formulated by PAR in Section 2.2 can be solved by a LEAP algorithm. Many LEAP algorithms have been developed to solve a variety of two-state problems 2'3'4'7'21 and have been documented in detail. Suffice to present here the basic steps and difficulties of the solution algorithm. Thc LEAP algorithm developed to solve the redesign problem is outlined in Fig. 2 . It starts from the baseline structure (SI) and reaches incrementally the objective $2 by prediction and correction. In the prediction phase of the algorithm, the small perturbation method 6"l°'jl is used. The modal dynamics general perturbation equations are linearized. For that propose, increments are limited to 7% differences between $2 specifications and the corresponding S I properties. Predictions are small but inadmissible because admissibility conditions (22) and (23) are corrected by satisfying the nonlinear general perturbation equations and are forced back into the admissible space by satisfying the nonlinear admissibility conditions. The total CPU time for redesign may be reduced by a factor occasionally as high as 4 when in the first increment the space of cognate modes is identified and thereafter all computations are performed in that space. Such is the case for torsional redesign 7 of the offshore tower in Fig. 3 . Torsional modes 31819 constitute one cognate subspace with very weak interaction with other modal subspaces such as those for bending and stretching. In each increment, in both phases, the resulting problem may be underdetermined or overdetermined depending on the relation between the number p of redesign variables ~h,, the number of equality constraints ($2 specifications) n :-n +no+n,,~-n~, ,-nb+noht rt a + N.h, and the 2p bounds on the ~h,s. When the problem is overdetermined, a minimum error solution in satisfaction of the $2 specifications is produced by a generalized inverse algorithm. When the problem is undetermined, it is solved by optimization using the minimum change criterion in eqn (29) . To achieve this global objective, at each increment the objective in expression (30) is minimized, which takes into account the progress made in all previous increments towards the total minimum in eqn (29) become equality constraints in the optimization problem) are strongly nonlinear implicit expressions of the redesign variables &e. The static force vector {f'} may depend on the structure's geometry (e.g. hydrodynamic loads) and consequently change in the redesign process. Finally, the set of specifications provided for $2 are usually incomplete and only some d.o.f.s of specified modes are defined.
time and numbers of extracted modes nr, admissibility conditions na, and redesign variables are also shown. The values of the redesign variables of the optimum solution are not shown. The optimal solution appears in the form of the optimal Eucledian norm of the aeS in Tables 3 and 4 ; and in the form of the Hasover-Lind reliability index 12 in Tables 1 and 2 .
lO-element 48-d.0.f. beam

NUMERICAL APPLICATIONS
A total of 42 numerical applications are presented in this section on optimal redesign of four different structures. [24] [25] [26] Results are summarized in Tables 1-4 and show the accuracy of code RESTRUCT for applications with number of redesign variables ranging from 8 to 21; natural frequency and mode shape redesign objectives changing by a factor ranging from 0"3 to 2.0; degrees of freedom ranging from 48 to 896. For each redesign objective, Tables 1-4 show the objective value, the value actually achieved as computed by reanalysis with MSC/ NASTRAN, and the corresponding relative error. CPU
The clamped-hinged beam in Fig. 4 is subjected to a uniform load in the Y-direction and a concentrated load applied at node 7 in the Z-direction. Wl = 183.092 rad/s, the horizontal and vertical deflections at node 7 are v7 = 12.151mm and w7 = 17-733mm as computed by MSC/NASTRAN. Redesign variables and structural groups are shown in Table 5 . The accuracy of the redesign process is shown in Table 1 for one, two or three simultaneous redesign objectives. The problem of reliability analysis is studied assuming randomness in geometric properties, A(area),ly, l~ (moments of inertia), and material properties E (Young's modulus) and/9 (density). The fractional changes me are assumed In all cases: n, = 5, n a = 5.
to be independent normal random variables of zero mean. Standard deviations are selected as ch,~. I = 0.40 for bending rigidities Ely and E/., and cro, A = 0-30 for mass per unit length pA. In order to compute the probability of failure to first (FORM) or second (SORM) order, 13 computation of individual and joint design points and the corresponding Hasover-Lind reliability index /3 is required as shown in Fig. 5 . Computation of 13 is achieved by transforming the c~s to independent standard normal random variables through the Rosenblatt transformation. 27 These numerical applications as well as those following on the offshore tower show that large admissible perturbation methods can introduce sophisticated structural analysis in reliability without simplifying the structural model and without repeated FEAs. 5
104-element 192-d.o.f. offshore tower
The offshore tower shown in Fig. 3 Table 6 . Failure states are defined by deterioration factors in the first and third eigenvalues of 1.54 and 2.00. Geometric and material properties are random. The fractional changes aeS, shown in Table 3 length pA. Design points arc computed again by postprocessing FE analysis results for the baseline design only. It should be noted that in Tables 2 and 5 the computed /3 is high in some applications (cases 14 and 17) because the external load is deterministic and limit states were pushed as far away from the baseline design as possible in order to demonstrate the accuracy and limitations of code RESTRUCT. Actually, in cases 14 and 17 the limit point is a double and triple design point respectively. Such failure is expected to be of low probability.
64-element 216-d.o.f. plate
The clamped-flee-free-free plate in Fig. 6 is subjected to a uniform load p and has the dimensions and properties shown in the figure. Its response is computed by MSC/ NASTRAN and redesign is performed by RESTRUCT. The incremental optimization problem is nonlinear and solved by sequential quadratic programming 23 because Table 3 and show vcry high accuracy even for changes by a factor of 2 in eigenvalues and maximum deflection.
144-element 896-d.o.f. cylindrical shell
The simply-supported shell shown in Fig. 7 is subjected to hydrostatic pressure load p due to 286 m submergence in salt water. 29 Dimensions 3° and properties are also shown in the figure. Its modal dynamic and static deflection response 31'32 is computed by MSC/NAS-TRAN. The optimization problem in each increment is nonlinear and solved by sequential quadratic programming. 23 The cylindrical shell is subdivided into five structural groups and even though symmetry is not forced by linking symmetric groups ( 1 and 5.2 and 4) as was done in the plate redesign problem, symmetry was not lost in the redesign process. Results of code RESTRUCT arc summarized in Table 4 and show good accuracy even for changes by a factor of 2 in eigenvalues and deflection.
In all of the above applications, the LEAP algorithm in RESTRUCT can be pushed further by taking additional incrcmental steps if higher errors are considered acceptable. For higher accuracy, however. one more FE analysis may be used after about 10 increments. 
CONCLUDING REMARKS
elements are being introduced; new structures are being redesigned, such as stiffened plates and shells; new twostate problems are studied, e.g. submarine acoustic noise reduction, redesign for buckling objectives, redesign for stress objectives; a perturbation approach to reliability analysis and design is being developed; larger scale structures are being redesigned by postprocessing FEA results by MSC/NASTRAN.V66 which has superelement capability. For that purpose, a supercomputer version of RESTRUCT running on the San Diego supercomputer has been developed.
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Several two-state problems in structural analysis, design, and redesign can be formulated by PAR and solved by a LEAP algorithm. The objective structural design is found incrementally without trial and error or repeated FEAs for differences in response from the baseline design of the order of 100% or more. In structural reliability, PAR provides an attractive alternative to stochastic finite elements and structural systems approach.
Computer code RESTRUCT, which implements the large admissible perturbations methodology, is being developed since 1982, has been tested thoroughly and has generated confidence in its potential to solve twostate problems. Several theoretical and numerical developments are under way. New types of finite 
